Abstract-Intermediate band solar cells (IBSC) have been proposed as a potential design for the next generation of highly efficient photo-voltaic devices. Quantum nanostructures, such as quantum dots (QD), arranged in super-lattice arrays produce a mini-band (IB) that is separated by a region of zero density of states from other states in the conduction band. Additional absorbtion from the valence band to the IB and IB to the conduction band allows two photons with energies below the energy gap to be harvested in generating one electron-hole pair. We present a theoretical study of the electronic and optical properties of the IB formed by an InAs/GaAs QD array. The calculations are based on an 8-band k*p Hamiltonian, incorporating mixing between valence and conduction states, strain and piezoelectric fields. Theoretical results of the mini-band width variation with the period of the QD array in the z direction are presented.
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For one particular spacer distance, dz = 4 nm, we report detailed variation of the optical dipole matrix elements through the mini-band and identify the character of the states involved. This approach captures the essential physics of the absorption processes in a realistic model of the IBSC structure and will be used to provide input parameters for predictive modelling of transport properties.
I. INTRODUCTION
The efficiency of a single junction solar cell can be exceeded by splitting the solar spectrum in such a way that each pn junction only converts a narrow spectral region. Theoretically, tandem or multiple junction solar cells with an infinite number of pn junctions can reach the thermodynamic efficiency limits of solar energy conversion. While tandem solar cells can theoretically exceed 5000 efficiency, tandems with large numbers of junctions face increasing complexity and materials issues (for instance the accumulated strain between different layers with different energy gaps), in conjunction with diminishing efficiency improvements. Therefore, significant attention has been paid to developing new approaches in which a single solar cell exceeds the efficiency of a conventional pn junction. One of the most promising and challenging methods for achieving high power efficiency (> 60%) solar cells is to utilize periodic 3D arrays of the semiconductor quantum dots (QD), Fig. 1 . This is the practical implementation of the so called "Intermediate Band Solar Cell" (IBSC) scheme proposed by Luque and Marti [1] , [2] , [3] . The IBSC has a predicted power efficiency of 63% under ideal conditions, exceeding the limiting single gap solar cell efficiency of 410%, overcoming the problem of increasing the solar cell photocurrent without degrading its voltage. The IBSC principle of operation relies on the existence of a material characterized 2 , where e is the light polarization vector and Pi,j is the electron-hole momentum operator.
III. RESULTS AND DISCUSSION
In the model QD array each QD is a truncated pyramid with a base length of b 12 nm, height h = 6 nm, and a truncation factor of t 0.5, on top of a one monolayer wetting layer. The periodicity of the QD array is controlled by the dimensions of the embedding box. In the x and y directions we kept periodicity constant LX = Ly = 20 nm, while the periodicity along z-axes was changed in the range from 1 nm to 10 nm (distance, dz, between bottom of the QD's in i + Ith and top of the QD's in the ith layer). In Fig 2 the variation of the first three mini-bands with the period dz, is shown. The lower and upper boundary corresponds to Kz = 0 and Kz = 7/dz respectively. The width of the eO mini-band varies from 86 meV at dz 1 rnm and almost vanishes by dz = 10 nm. The trend that eO, el, and e2 are still rising in energy even when the quantum coupling between the dots vanishes, is attributed to the slow decay of the strain influence from QD in surrounding layers [5] , [6] , [7] , [8] . There are two contradictory requirements that the mini-band should fulfil for successful operation of an highly efficient IBSC: (a) the IB should exhibit finite energy width so that it can be partially occupied and facilitate simultaneous excitaion from IB to CB and VB to IB, and (b) the IB should be as narrow as possible to reduce carrier transport through the mini-band. To understand the optical characteristics of the IB better, and to assess the extent to which these requirements are met we focus our attention on the variation of the optical dipole matrix element inside the IB. In Fig. 4 array. Our analysis shows that an 8-band k*p Hamiltonian can successfully describe the band structure of the IB, identifying dominant characters of particular transitions, its variations with spacer layer separation and strain. Detailed calculations reveal the dispersion of the states inside the IB and the complex structure of the allowed and forbidden transitions between mini-bands and their absorbtion strengths. The model presented here will serve to provide accurate information on dipole matrix elements, energy transitions, and radiative life times for the description of the carrier dynamic processes in realistic IB solar cell structures.
